Over the past decade, epigenetic phenomena claimed a central role in cell regulatory processes and proved to be important factors for understanding complex human diseases. One of the best understood epigenetic mechanisms is DNA methylation. In the mammalian genome, cytosines (C) were long known to exist in two functional states: unmethylated or methylated at the 5-position of the pyrimidine ring (5mC). Recent studies of genomic DNA from the human and mouse brain, neurons and from mouse embryonic stem cells found that a substantial fraction of 5mC in CpG dinucleotides is converted to 5-hydroxymethyl-cytosine (hmC) by the action of 2-oxoglutarateand Fe(II)-dependent oxygenases of the TET family. These findings provided important clues in a long elusive mechanism of active DNA demethylation and bolstered a fresh wave of studies in the area of epigenetic regulation in mammals. This review is dedicated to critical assessment of the most popular techniques with respect to their suitability for analysis of hmC in mammalian genomes. It also discusses the most recent data on biochemical and chemical aspects of the formation and further conversion of this nucleobase in DNA and its possible biological roles in cell differentiation, embryogenesis and brain function.
1. Introduction 1.1. Post-replicative modification of DNA: a higher (epigenetic) layer of information Every single living cell in each tissue of a living organism carries a full set of genes (the genome), which contain the information required for its functioning and ability to reproduce itself. The key function of the genome is the storage, replication and transmission of the genetic information. The genome is composed of long polymeric strands of randomly interchanging purine and pyrimidine nucleotides: adenine, guanine, cytosine and thymine (A, G, C, T) ( Fig. 1) . A meaningful and timely reading of the genome consisting of billions of recurring G:C or A:T base pairs in different types of cells is possible by using a sort of (epi)genetic ''bookmarking'' system -a mechanism that allows living organisms to adapt to the changing environment and dynamically reprogram the fate of each cell. A key player in this process is the phenomenon called DNA methylation. DNA methylation is established by action of DNA methyltransferase enzymes, which transfer a methyl group from the ubiquitous cofactor S-adenosyl-L-methionine (AdoMet) onto DNA. In bacteria and archaea, DNA methyltransferases modify nucleobases by replacing a hydrogen atom with a bulkier methyl group in the exocyclic amino group of adenine or cytosine or in the intracyclic C5-position of cytosine yielding, correspondingly, N6-methyladenine (6mA), N4-methylcytosine (4mC) or 5-methylcytosine (5mC) (Fig. 1 ). Structural and mechanistic aspects of DNA methylation have been studied in detail. DNA cytosine-C5 methyltransferases are distinct from the amino-specific enzymes in that their reaction involves the formation of a covalent intermediate between a cysteine residue from an enzyme and the C6-atom of the cytosine ring ( Fig. 2A) .
Note that the biological methylations do not alter the coding specificity of the target nucleobases preserving the original genetic content of the genome (Fig. 1) . On the other hand, they all occur in the major groove of the DNA helix ( Fig. 1) where they can be accessed and interpreted as ''steric'' signals (bumps) by specialized cellular proteins, enzymes or large multicomponent complexes. These features make such modified bases well suited to serve as epigenetic marks in biological signaling, which provides an additional layer of information encoded in the genome. All three types of DNA methylation found in microorganisms occur sequence-specifically. A unique DNA methylation pattern (a combination of methylated sequences) imposed by restriction-modification systems serves as a species ''self code'', whereas DNA with a nonmatching modification pattern is eliminated by an accompanying restriction endonuclease. In higher eukaryotes, the sole methylation product is 5mC; the methylation occurs not only in sequence-specific but also in a locus-specific manner. In mammalian genomes (especially in somatic cells), methylation of cytosine predominantly occurs at CpG dinucleotides, whereas a fraction of 5mC is associated with non-CG contexts in embryonic stem cells. 1 CpG motifs are under-represented in mammals and tend to cluster in the high density regions, referred to as CpG islands. Extensive studies of 5mC distribution estimated that the majority (70-80%) of CpGs are methylated, except for those localized in CpG islands. Traditionally, 5mC when localized at CpG islands are important transcriptional silencers at gene promoters. Three major types of DNA methyltransferases are active on mammalian genomes (Fig. 3A) . Initial methylation patterns are thought to be established by so-called de novo DNA methyltransferases Dnmt3a and Dnmt3b, whereas preservation of the CpG methylation marks across cell divisions is carried out by the maintenance methyltransferase Dnmt1.
The cytosine methylation typically leads to strong and heritable gene silencing. The methylation patterns in the genome establish a self-code (epigenotype) of different tissues and together with histone modifications modulate tissue-specific transcriptional 
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Published on 27 July 2012 on http://pubs.rsc.org | doi:10.1039/C2CS35104H programmes in a process called epigenetic regulation. The epigenetic role of 5-methylcytosine has been extensively studied and widely accepted to be crucial in a variety of cellular processes including development gene regulation, differentiation, genomic imprinting, silencing of transposable elements, X-chromosome inactivation and others. 2 Underlying its importance and heritability, 5mC is often called the fifth base of DNA.
Although DNA methylation patterns can be established and maintained through generations, they may undergo dynamic changes and can be reversible in a genome-wide or locus-specific manner. The mechanism of demethylation and enzymes implicated in this process were elusive until recently, when the seemingly firm position of 5mC as the untouchable epigenetic mark in DNA was shattered by the discovery of 5-hydroxymethylcytosine (hmC) in 2009. 3, 4 That year changed dramatically the future of epigenetic research.
Occurrence of 5-hydroxymethylated nucleobases
The presence of 5-hydroxymethylcytosine in DNA was first observed in certain bacteriophages. In T-even phages, Fig. 2 Covalent catalysis by cytosine-5 transferases. Enzymatic transfer of single carbon units to pyrimidine-5 centres requires covalent addition of a nucleophile at the C6 position of the pyrimidine ring. DNA cytosine-5 methyltransferases catalyse the transfer of a methyl group from the cofactor S-adenosyl-L-methionine (AdoMet) (A) or in vitro addition of exogenous formaldehyde (B) to the C5-position of their target cytosine residues in DNA producing 5mC or hmC, respectively. (C) 2 0 -Deoxycytidine-5 0 -monophosphate (dCMP) is converted into 5-hydroxymethyldCMP (dhmCMP) by a bacteriophage-borne deoxycytidylate hydroxymethylase (CHase), which (i) transfers a methylene group from methylenetetrahydrofolate (ii) and adds the hydroxyl anion to the transferred methylene group, producing dhmCMP and tetrahydrofolate. The hydroxymethylated nucleotide is incorporated into bacteriophage DNA and glucosylated by a and b-glucosyltransferases (AGT and BGT) to yield 5-glucosyloxymethylcytosine (glc-hmC). 5-hydroxymethylated cytosine is incorporated into the genome during DNA synthesis, and is subsequently modified by phage a-and b-glucosyltransferases, creating a highly glucosylated DNA containing 5-glucosyloxymethylcytosine (glc-hmC) residues. The precursor nucleotide, 2 0 -deoxy-5-hydroxymethylcytidine-5 0 -monophosphate (dhmCMP), is produced by enzymatic addition of a methylene group at the 5-position of dCMP. This reaction is mechanistically similar to DNA C5-methylation as it involves the formation of a covalent intermediate between a cysteine residue from an enzyme and the C6-position of cytosine (reviewed in ref. 5) (Fig. 2C) .
A similar modified base J (5-(b-D-glucosyl)oxymethyluracil) ( Fig. 1) is present in DNA of flagellated protozoa of the order of Kinetoplastida (which include parasites Trypanosoma brucei, Leishmania sp. and others) and closely related unicellular alga Euglena gracilis. 6 It replaces up to 1% of thymines and is found in repetitive sequences, mostly telomeric repeats. The first step of its biosynthetic pathway (Fig. 4A) is the oxidation of thymine to hmU by the JBP1/JBP2 proteins which are members of a large Fe 2+ -and 2-oxoglutarate-dependent oxygenase family of enzymes. In the second step, a glucose moiety is added by a yet unidentified glucosyltransferase. Although the biological role of J base is unclear, it was demonstrated to be essential for some of the species (reviewed in ref. 6 ).
In higher eukaryotes, chemical oxidation of 5mC and thymine was thought to be the major source of these hydroxymethylated nucleobases (Fig. 5) . hmC can be formed at 5mC sites in response to oxidative stress in vitro. 7 Oxidation of thymine residues in DNA to hmU was considered to be an important source of endogenous oxidative DNA damage. 5mC is slightly more reactive toward hydroxyl radical attack than is thymine and it was predicted that in human cells, B20 5mC residues would be oxidized to hmC per cell per day (see ref. 8 and references therein).
The presence of hmC in genomic DNA extracted from the brains of adult mice, rats and frogs was first reported in the early seventies. 9 However, no confirmation of this finding was obtained in other labs. 10 Assuming that hmC may have originated from spontaneous oxidative damage of DNA during sample handling, the significance of this finding had not been appreciated for a period of almost 40 years. In 2009, two groups independently re-confirmed the existence of hmC in mouse brain cells and mouse embryonic stem (ES) cells. 3, 4 By using thin layer chromatography (TLC) Kriaucˇionis and Heinz found in multiple isolates that hmC constitutes 0.6% of total nucleotides in Purkinje cells and B0.2% in granule cells. 3 Rao and co-workers arrived there from a different side: based on knowledge of the above-mentioned trypanosome proteins JBP1 and JBP2, they identified their mammalian counterparts, the Ten-Eleven-Translocation (TET) proteins Tet1, Tet2 and Tet3 as potential modifiers of 5mC to hmC. 4 The three homologs contain the common features of 2-oxoglutarate (2OG)-and Fe(II)-dependent oxygenases in their C-terminal part (Fig. 3B) . In the N-terminal part, the Tet proteins possess a CXXC domain, a binuclear Zn-chelating domain found in certain chromatin-associated proteins such as Dnmt1 methyltransferase, and other elements which mediate interactions with multiple components in the cell. 11, 12 Importantly Tet1, Tet2 and Tet3 were shown to be capable of converting 5mC to hmC in vitro and in vivo (Fig. 4B) . Altogether this evidence convincingly demonstrated that hmC is indeed an endogenous biological component of genomic DNA, rather than an in vitro artifact of chemical DNA oxidation. Furthermore, it was shown that the Tet proteins further oxidize the formed hmC to 5-formylcytosine (fC) and 5-carboxycytosine (caC) pointing to the idea that hmC is an intermediate in the controversial and long searched pathway of active demethylation. 13, 14 The discovery of hmC and its derivatives sparked studies to re-evaluate the reactions catalyzed by known cytosine-modifying enzymes and to map genomic distribution of these modified cytosine bases in various cell types and tissues. 15 These reactions occur in the absence of AdoMet cofactor and require the presence of the catalytic cysteine residue in the enzyme. A hint of potential involvement of MTases in hmC dynamics is found in eukaryotic mitochondria. The mitochondrial isoform of the Dnmt1 gene contains an alternative translation start site that encodes a leader peptide responsible for the import of the Dnmt1 protein into mitochondria. In contrast, the Tet proteins lack similar leader sequences, and apparently are excluded from the mitochondrial DNA. 16 These observations indirectly point at Tet-independent formation of hmC in certain cases, which await experimental confirmation.
3. Methods for production and analysis of hmC in DNA 3.1. Production of hmC in DNA in vitro Production of DNA substrates containing hmC residues is required for studies of chemo-enzymatic transformations of this modified nucleotide as well as for the development and validation new analytical techniques. Chemical synthesis of hmC containing oligonucleotides was developed by the Sommers group in the nineties, 8 and is currently used by the majority of commercial supplies. The 5-hydroxymethyl group of hmC is protected during nucleotide coupling with a 2-cyanoethyl group. However, we and others 17 have observed that deprotection of the 5-hydroxymethyl group is often incomplete using standard protocols (overnight, 60 1C, conc. aq. NH 3 ); 8 moreover, we find that typical commercially supplied oligonucleotides contain 20-50% of hmC residues in the 2-cyanoethyl-protected form (Liutkevicˇiūt_ e and Klimasˇauskas, unpublished observations), and much harsher treatment with sodium hydroxide is required for complete deprotection. This shortcoming prompted the development of alternative protection strategies, which permit efficient deprotection under milder although non-standard conditions. 17, 18 The performance of these strategies has yet to be verified on a massive production scale.
Enzymatic incorporation of hmC into DNA is possible using commercial 2
in a variety of DNA polymerase-dependent protocols including PCR. This approach replaces all C nucleotides with hmC in newly synthesized DNA strands. Sequence specific incorporation of hmC into DNA duplexes is possible using a recently discovered atypical chemo-enzymatic reaction of DNA cytosine-5 methyltransferases (Fig. 2B ), 15 which catalyze the coupling of formaldehyde to their target cytosines residues in vitro. Although the reaction is highly specific for methyltransferase target sites, the efficiency of hydroxymethylation may be dependent on the enzyme used. Obviously, the Tet proteins could be used for production of hmC DNA from methylated DNA in vitro and in vivo but the reaction should be firmly controlled to avoid further oxidation products.
Methods for analysis of genomic hmC
A myriad of methods had been developed over the past several years to investigate DNA methylation profiles across large DNA regions and entire genomes. However, all such methods are binary -i.e. designed to distinguish only the two epigenetic states of cytosine: methylated versus unmodified. Therefore, following the discovery of hmC all the existing methods needed to be re-evaluated for their ability to discriminate hmC and 5mC in DNA. Many of the past methylation studies relied on bisulfite sequencing. 20 In the presence of bisulfite, unmodified cytosine readily forms a 5,6-dihydro-6-sulfonyl adduct which undergoes hydrolytic deamination to uracil, and thus appears as T in DNA sequencing (Fig. 6A ). 5mC is very stable to bisulfite-promoted deamination and is subsequently read as normal C (Fig. 6B ). It turns out that bisulfite conversion cannot discriminate between 5mC and hmC. [20] [21] [22] hmC appears as C, since the bisulfite attack predominantly occurs at the 5-hydroxymethyl group yielding a hydrolytically stable 5-sulfonylmethylcytosine (smC, also called cytosine 5-methylenesulfonate) (Fig. 6C) . 20 In contrast, the products of hmC oxidation, caC and fC, are interpreted as unmodified C (reads in the T lane) ( Fig. 6D-E) , 14, 23 owing to their transient bisulfite-induced conversion to C. Recently, two methods have been proposed that permit detection of hmC in bisulfite sequencing after chemical or enzymatic modifications of hmC. 23, 24 Another popular tool in 5mC analysis is methyl-sensitive CG-specific restriction endonucleases that differentially cleave unmethylated and methylated target sites. Most of the restriction enzymes do not clearly discriminate between 5mC and hmC, 22 although some hmC-specific restriction endonucleases have recently been described. 25, 26 Obviously, such analyses would be further complicated by the presence of fC and caC, along with hmC and 5mC, at the CpG sites.
Several techniques have been developed or adapted for detection or mapping of hmC in DNA. Thin layer chromatography (TLC) of radiolabeled nucleotides had been previously widely used for analysis of RNA and DNA modifications. 27 Such analyses can be performed in a standard biochemical lab. Owing to the high specific activity and high decay energy of the 32 P or 33 P radionuclides, autoradiographic detection of modified nucleotides on TLC plates requires little material. Two radiolabeling strategies have been used for analysis of hmC in DNA. In one such approach named ''nearest neighbour analysis'', single stranded DNA breaks are randomly introduced by DNaseI and then DNA polymerase and [a-
33 P]-dGTP is used to incorporate the radioactively labeled G nucleotide at the DNA breaks in the case when C is in the opposite strand. Then DNA is enzymatically hydrolysed to yield 3 0 -nucleotides such that the radiolabeled phosphate group appears on a 5 0 -neighbouring nucleotide. 3 Alternatively, the modified cytosine in CG dinucleotides can be enriched by using R.MspI or R.TaqI restriction endonucleases, which cleave CCGG or TCGA sites, respectively, between the two pyrimidines, regardless of whether C, 5mC or hmC present in the second position. The produced DNA fragments with 5 0 -terminal CG sites are 33 P-labeled and DNA is degraded to 5 0 -NMPs for TLC. 4, 13 The sensitivity of the latter approach is generally higher due to increased selectivity of 33 P-labeling (only cytosines in the CCGG or TCGA context are seen), but this also limits the coverage of analysis to a fraction of CG sites.
A complete nucleoside composition analysis of unlabeled DNA samples can be performed using liquid chromatography (HPLC). DNA is enzymatically hydrolysed to nucleosides which are resolved by reversed-phase liquid chromatography. Notably, hmC 2 0 -deoxynucleoside elutes closely following, and is partially obscured by, a major peak of 2 0 -deoxycytidine. Similar elution times on reverse-phase columns and similar UV spectra of C and hmC may complicate detection of hmC in routine analyses of mammalian DNA using UV detection. 13, 28 A higher selectivity and sensitivity can be achieved with modern mass spectrometry detectors, and reliable quantitation of the nucleosides is possible using synthetic stable-isotope labeled internal standards. 29 These methods are best suited for global assessment of hmC, fC and caC levels in genomic DNA, however they require specialized equipment and expertise, and thus cannot be performed in a typical biochemical laboratory.
Methods based on affinity enrichment were widely used to detect genome-wide localization of hmC (summarized in Fig. 7 ). Such methods rely on selective binding of short hmC containing DNA fragments (200-800 bp) to hmC-specific antibodies or other hmC-binding proteins permitting their physical extraction from the rest of DNA for analysis using quantitative PCR, DNA microarrays or sequencing. Polyclonal and monoclonal antibodies have been raised against hmC itself or the product of bisulfite treatment of hmC, 5-sulfonylmethylcytosine (smC). [30] [31] [32] Similar to its predecessor, methylated-DNA immunoprecipitation (MeDIP), hMeDIP (hydroxymethylated-DNA immunoprecipitation) accounts for a large fraction of hmC profiling studies performed during the past three years. On the other hand, the conclusions of these studies are not entirely concordant. 33, 34 A typical shortcoming of antibody-based pull down approaches is a density-dependent capture bias. Another possible limitation is cross-reactivity with methylated and unmodified cytosines, as these bases bear very few chemical differences for discrimination. Antibodies raised against smC or glc-hmC might be more specific and effective for the identification of hmC, however, neither one is currently commercially available.
A particularly useful analytical modification of hmC is its enzymatic glucosylation to a much bulkier and distinctive residue, 5-glucosyloxymethylcytosine, using T4 beta-glucosyltransferase (BGT) and the uridine-5 0 -diphospho-D-glucose (UDP-glc) cofactor. The BGT reaction is robust and highly selective for the 5-hydroxymethyl group of hmC (or hmU). Such treatment can be used to attach tritium labeled glucose moieties from UDP-[ 3 H]glucose to DNA, permitting direct quantification of hmC by scintillation counting. 35 Moreover, JBP1 protein, which naturally recognizes the J base in kinetoplastids, can selectively bind DNA fragments containing glucosylated hmC. This interaction can be exploited for selective isolation and analysis of hmC containing DNA as discussed above. 36 Another simple approach combines glucosylation of hmC and MspI restriction endonuclease digestion. R.MspI cleaves the CCGG target site if the second cytosine is unmethylated, methylated or hydroxymethylated, but glucosylation of hmC residues renders the sites resistant to MspI cleavage. Thus, glc-hmC DNA can be enriched and analysed using qPCR, 37 microarrays or next-generation sequencing. Although analysis is restricted to sparsely distributed tetranucleotide target sites, it uniquely permits a single-nucleotide resolution mapping of hmC residues in the genome.
A further advance in enrichment strategies is associated with chemical capture of glucosylated hmC residues. 32 Oxidation of the glucose moiety with NaIO 4 creates two reactive aldehyde groups which can be subsequently modified by commercially available aldehyde reactive probes containing biotin, allowing selective enrichment of hmC containing DNA. 32 To avoid the tedious oxidation step, chemically modified cofactor analogues of the cofactor UDP-glc containing an azide group (UDP-6-N 3 -glc) 38 or a keto group (UDP-6-keto-glc) 39 can be used. These methods proved efficient for genome-wide profiling of hmC. An alternative chemo-enzymatic method that requires no prior glucosylation of hmC has recently been proposed by Liutkevicˇiūt_ e et al. 40 It was found that DNA C5-MTases can surprisingly catalyse the attachment of alkylthiol/alkylselenol moieties with functional (amino, thiol) groups to hmC residues located at the target position. The attached functional group can be chemically ligated to biotin for selective enrichment of hmC containing DNA. The method can potentially analyse all CG dinucleotides using M.SssI methyltransferase, but has not yet been validated in genome-wide experiments. The potential of a single-base resolution genome analysis has recently been demonstrated 41 by combining selective chemical labelling of hmC with single-molecule real time (SMRT) sequencing. Nanopore sequencing has also been shown to directly discriminate hmC from 5mC without any further chemical modifications of the base. 42, 43 The latter technique was demonstrated to work on model DNA substrates (proof-of-principle) and awaits further validation in large-scale genomic studies.
Biological roles of hmC
Despite many efforts to elucidate the distribution and involvement of hmC and Tet proteins in many cellular processes, the biological function of hmC is still under extensive debate. The relative abundance of hmC and its generation from the precursor 5mC points to the roles of this new mark in modulating 5mC-dependent gene regulation. DNA methylation is considered to be a bi-directional and dynamically regulated process. The dynamic nature of the genome is well observed during embryogenesis or upon rapid reactivation of previously silenced genes in response to changes in extrinsic signals. The involvement of hmC in these cellular processes is discussed below. 
DNA demethylation
In theory, decreasing levels of 5mC in genomic DNA can be generated through a passive or an active DNA demethylation pathway. In the first scenario, the methylation marks are ''passively'' diluted from DNA in a replication-dependent manner, in the absence of the methylation maintenance activity in the newly synthesized daughter strands (Fig. 8) . Alternatively, 5mC can be ''actively'' converted to unmodified C by a demethylase activity in the framework of the same DNA strand regardless of DNA replication. The existence of active DNA demethylation has been well documented in plants. In Arabidopsis thaliana, a group of DNA glycosylases named Demeter excise 5mC by cleaving the N-glycosydic bond, resulting in an apyrimidinic (AP) site in the DNA strand. Then, AP lyases and AP endonucleases form a single nucleotide gap that is subsequently filled by action of DNA polymerases and ligases. However, to date no such glycosylases have been proven to act directly on 5mC in mammals (reviewed in ref. 44 ). The reality of active demethylation in vertebrates had long remained elusive, giving much ground for widespread skepticism, but it all of a sudden became quite clear with the discovery of hmC in DNA. A classic example of active DNA demethylation is a global loss of 5mC in paternal DNA after fertilization in mammals while the erasure of the methylation mark in maternal DNA proceeds via passive DNA demethylation (reviewed in ref. 44 ). The loss of 5mC from the paternal genome in the fertilized egg correlates with an increase in hmC levels, whereas the female pronucleus remains methylated and contains low levels of hmC. It was shown recently that Tet3 facilitates the loss of 5mC, which proceeds before the first cell division and goes through the Tet3-dependent conversion of 5mC to hmC and later to both fC and caC followed by replication dependent dilution. [45] [46] [47] [48] Notably, further oxidation forms of 5mC are relatively stable and persist to at least the 4-cell stage. Another firm evidence for active demethylation can be found in non-dividing cells, such as neurons in the brain, which excludes a passive demethylation scenario in these tissues. Indeed, rapid demethylation has been observed at the promoters of Bdnf (brain derived neurotrophic factor, which is important for adult neural plasticity) and Fgf1 (fibroblast growth factor 1) in postmitotic neurons as part of a physiological response to electroconvulsive stimulation. 49 It has been shown that Tet1 may contribute to this process by initiating the conversion of 5mC to hmC, which is followed by deamination to hmU and further replacement into C through the base excision repair (BER) pathway. Rapid demethylation of 5mC in T lymphocytes in response to interleukin-2 stimulation 50 provides yet another example.
Chemistry of DNA demethylation
In contrast to the well-studied biology of DNA methylation in mammals, the enzymatic mechanism of active demethylation had long remained elusive and controversial (reviewed in ref. 44 and 51) . The fundamental chemical problem for direct removal of the 5-methyl group from the pyrimidine ring is a high stability of the C5-CH 3 bond in water under physiological conditions. To get around the unfavorable nature of the direct cleavage of the bond, a cascade of coupled reactions can be used. For example, certain DNA repair enzymes can reverse N-alkylation damage to DNA via a two-step mechanism, which involves an enzymatic oxidation of N-alkylated nucleobases (N3-alkylcytosine, N1-alkyladenine) to corresponding N-(1-hydroxyalkyl) derivatives (Fig. 4D) . These intermediates then undergo spontaneous hydrolytic release of an aldehyde from the ring nitrogen to directly generate the original unmodified base. Demethylation of biological methyl marks in histones occurs through a similar route (Fig. 4E) (reviewed in ref. 52 ). This illustrates that oxygenation of the methylated products leads to a substantial weakening of the C-N bonds. However, it turns out that hydroxymethyl groups attached to the 5-position of pyrimidine bases are yet chemically stable and long-lived under physiological conditions. From biological standpoint, the generated hmC presents a kind of cytosine in which the proper 5-methyl group is 21, 53 suggesting the possibility that conversion of 5mC to hmC is sufficient for the reversal of the gene silencing effect of 5mC. Even in the presence of maintenance methylases such as Dnmt1, hmC would not be maintained after replication (passively removed) (Fig. 8) 53,54 and would be treated as ''unmodified'' cytosine (with a difference that it cannot be directly re-methylated without prior removal of the 5-hydroxymethyl group). It is reasonable to assume that, although being produced from a primary epigenetic mark (5mC), hmC may play its own regulatory role as a secondary epigenetic mark in DNA (see examples below).
Although this scenario is operational in certain cases, substantial evidence indicates that hmC may be further processed in vivo to ultimately yield unmodified cytosine (active demethylation). It has been shown recently that Tet proteins have the capacity to further oxidize hmC forming fC and caC in vivo (Fig. 4B) , 13, 14 and small quantities of these products are detectable in genomic DNA of mouse ES cells, embryoid bodies and zygotes. 13, 14, 28, 45 Similarly, enzymatic removal of the 5-methyl group in the so-called thymidine salvage pathway of fungi (Fig. 4C) is achieved by thymine-7-hydroxylase (T7H), which carries out three consecutive oxidation reactions to hydroxymethyl, and then formyl and carboxyl groups yielding 5-carboxyuracil (or iso-orotate). Iso-orotate is finally processed by a decarboxylase to give uracil (reviewed in ref. 44 and 52) . To date, no orthologous decarboxylase or deformylase activity has been described to remove the oxidation products of 5mC in DNA in vivo, which would provide a final chain in a full demethylation pathway (Fig. 9) . Where should we look for possible candidates? A useful hint is provided by DNA C5-MTases, which are not only capable of coupling of formaldehyde to cytosine (Fig. 2B ), but can also promote conversion of hmC to C, releasing formaldehyde in vitro.
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The MTase-directed reaction proceeds via a covalent intermediate at C6 (Fig. 10A) , resembling the light-induced two-step conversion of hmC to cytosine (Fig. 10B ) 19 or bisulfite-mediated decarboxylation of caU and deformylation of fC (Fig. 10C and D) . 23, 55 These chemical precedents suggest that certain DNA C5-MTases or some dedicated enzymes may in principle perform the removal of the oxidized groups (5-hydroxymethyl, 5-formyl or 5-carboxyl) to give unmodified cytosine residues. 28, 44 Although providing plausible chemical precedents for direct enzymatic exchange of one carbon units on the C5-atom of pyrimidines, the significance of these reactions in active DNA demethylation in vivo has not yet been demonstrated.
Notably, further oxidation of the hydroxymethyl group to a formyl or carboxyl group substantially alters electronic properties of the nucleobase (charge distribution, stability of the N-glycosidic bond, tautomeric properties). 56, 57 This may facilitate the excision of the modified cytosine by some DNA repair glycosylases. One such enzyme is thymine-DNA glycosylase (TDG) whose primary function was thought to repair T-G mismatches produced in DNA upon sporadic hydrolytic deamination of 5mC. Recently it was found that TDG can directly excise fC and caC, while leaving 5mC and hmC untouched. 14, 57 The removal of fC and caC in a G:fC or G:caC pair in vitro proceeds at rates exceeding or similar to that of a T-G mispair. 57 Based on these observations and structural insights, 58 a model of active demethylation involving iterative 5mC oxidation by Tet proteins coupled with TDGmediated base excision repair (BER) has been proposed (Fig. 9) . However, currently this mechanism leaves a number of unanswered questions. First of all, how the cell deals with many lesions and AP sites that would appear after the BER mediated demethylation in zygotes or in CpG islands. To date, neither of the analyses has demonstrated that fC and caC are present in promoters undergoing demethylation. Furthermore, He et al.
14 demonstrated that 5mC and hmC are almost fully (90%) converted to caC by Tet1 and Tet2 without appearance of fC, whereas Ito et al. 13 report that fC accumulates relative to caC. In both studies, Tet3 did not perform hmC oxidation effectively. Since it is known that only Tet3 is expressed in zygotes and oocytes, this raises a question whether Tet3 alone is responsible for appearance of fC and caC in zygotes. Altogether, these results revealed that the efficiency and the final product of hmC oxidation steps performed by Tet proteins depend on special conditions which are not fully understood yet.
Another debated pathway for hmC processing is based on the ability of some DNA glycosylases to excise hmU, which might occur via enzymatic deamination of hmC (Fig. 9) . 49 Interestingly, some DNA glycosylases, single-stranded monofunctional uracil-DNA glycosylase 1 (SMUG1) and MBD4 have no significant activity for excision of caC or hmC, 14 but they efficiently remove hmU base, a deamination product of hmC. 53, 59 TDG was also shown to exhibit excision activity against hmU-G mispairs in dsDNA. 59 Enzymatic deamination of cytosine by the activation-induced deaminases (AID) is an important process in the generation of antibody diversity (reviewed in ref. 44) , which involves massive but localised mutagenesis of DNA through the deamination of cytosine to uracil by AID/apolipoprotein B mRNA editing enzyme complex (APOBEC) family proteins. Consistent with this scenario, overexpression of AID/APOBEC deaminases in neural cells promotes the decay of hmC and accumulation of 5-hydroxymethyluracil (hmU) in DNA. 49 hmU can be further excised by TDG, SMUG1 or MBD4 glycosylases as mentioned before. This mechanism relies on the assumption that the AID/APOBEC deaminases can affectively deaminate hmC in duplex DNA in vivo. However, in vitro studies indicate that these enzymes show a strong preference for unmodified cytosines located in single stranded DNA. Therefore, the deaminationmediated pathway still requires strong biochemical evidence (ref. 44 and 51 and references therein).
Regulatory roles of hmC
The assessment of global amounts of hmC in mouse and humans demonstrates its obvious tissue-dependency. The highest amounts of hmC are found in the brain (0.15-0.6% of total nucleotides or B10-40% of 5mC), 3, 38, 60 although vary in different parts and even different cell types of the brain. Significant amounts of hmC (0.01-0.2%) are also found in other tissues such as breast, kidney, or heart, although the reported numbers vary among studies. [60] [61] [62] [63] The observed discrepancy may derive from technical difficulties in accurate determination of small amounts of this modified component, but may also reflect inherent biological variation and dynamics of hmC in DNA. This is in contrast to fairly steady levels of detectable 5mC (0.6-1.5% and 0.7-1% of all nucleotides in human and mouse organs respectively). 60, 61 Interestingly it was shown that not only the total amount but also locus-specific distribution of hmC is tissue-specific. 63 In ES cells, hmC is found at a level of 0.04% of all nucleotides and in human cell lines HeLa and HEK293FT hmC is reduced to 0.008%. 38 4.3.1. hmC in embryonic stem cells. Since comparatively high levels of hmC were detected in mouse and human ES cells, extensive recent studies have focused on elucidating the role of hmC and Tet1 in these cells. Some key features were uncovered, suggesting involvement of hmC in transcriptional regulation and maintenance of pluripotency of these cells. In the past year, a series of genome-wide profiling studies of hmC and Tet1-binding sites have been performed using a variety of techniques. 11, 31, 32, 34, [64] [65] [66] [67] Despite some inconsistencies between the reported data, the studies revealed important characteristics that are unique to ES cells. It was found that both Tet1 and hmC are enriched within gene bodies (specifically at exons) and at transcription start sites (TSS) and promoters. At the promoter level, hmC maps to regions with intermediate and high CpG content, i.e. CpG islands, which are usually depleted of 5mC and are related to actively transcribed genes. A surprising revelation was that the transcriptional activator effect of Tet1 and hmC was less extensive than their repressive function. hmC was found to be enriched for genes that are associated with developmental regulation and are kept in a transcriptionally 'poised' state such that they can be rapidly switched on-off depending on the differentiation pathway. These are bivalent gene promoters of lineage-specific transcription factors that are repressed by the Polycomb repression complex 2 (PRC2). The fact that the bivalent promoters are rich in hmC but depleted in 5mC is even more surprising, since the latter modification is normally involved in gene silencing; it suggests that hmC might act as an independent repressive mark at gene promoters in ES cells. Identification of specific hmC binding proteins that interact with hmC but not 5mC would provide direct evidence for an independent regulatory role of hmC. The most recent work of Yildirim et al. 68 demonstrated that this role might be performed by one of the four methyl-CpG binding proteins. Although MBD3 has a so-called methyl-CpG binding domain (MBD), it binds methylated DNA at least two orders of magnitude weaker than other MBD proteins. 53 Mapping of MBD3 in ES cells showed that it is strongly enriched at Tet1-bound and hmCrich Polycomb target genes and that MBD3 localization requires active Tet1, suggesting that Tet1-mediated hydroxymethylation might play a role in MBD3 recruitment in vivo. 68 However, in vitro MBD3 binding assays show no clear preference of the protein towards hmC containing DNA as compared to methylated or unmodified DNA. 53, 68 Thus it is not currently clear whether in vivo MBD3 binds hmC residues directly or requires Tet1.
The levels of hmC and Tet1/Tet2 transcripts are relatively high in ES cells and Tet3 is expressed at very low levels, but Tet1/Tet2 are downregulated following differentiation, while the expression of Tet3 increases. 69, 70 These observations pointed at an idea that Tet1/Tet2 and hmC could participate in regulating the pluripotency and differentiation potential of the cells. 70 Indeed, hmC enriched regions frequently map to pluripotency-related transcription factor binding sites, and some of these transcription factors appear to control the transcription of Tet1 and Tet2. Moreover, several pluripotencyrelated transcription factors, such as Nanog, Tcl1, and Esrrb, are downregulated upon Tet1 depletion. 71 However, Dawalaty et al. showed that in Tet1-knockout cells neither pluripotency nor the expression of the pluripotency markers was affected, 72 suggesting that Tet1 is not the key player in the pluripotency maintenance. Therefore, more studies are needed in order to elucidate whether the hydroxylation of 5mC by the Tet proteins is required for differentiation of pluripotent cells.
hmC and brain function.
Similar genome-wide mapping of hmC in mouse and adult human cerebellum and human brain front lobe tissue revealed some important features of hmC distribution in the brain. 30, 38, 73 Unlike 5mC, which is abundant all over the genome, hmC was enriched in gene bodies, regions proximal to transcription start sites (TSS) as well as transcription end sites (TTS) of highly expressed genes, pointing to a role in maintenance of gene expression.
The genomic distribution of hmC in the brain differs from that in ES cells, although both have some common features. hmC is more substantially distributed throughout gene bodies of active genes in the brain than in ES cells. Contrary to ES cells, hmC is largely depleted from TSS, and is enriched in intragenic regions and intragenic CG of intermediate CpG content, thus largely resembling the profile of 5mC. It is likely that the enrichment of hmC in gene bodies is a general feature of hmC, whereas its occurrence at promoters may be characteristic to pluripotent cells. Apart from association with the bodies of actively transcribed genes, repeat elements SINE (short interspersed nuclear element) and mouse LTR (long tandem repeat) revealed enrichment of hmC. This is quite surprising, as DNA methylation is critical at repetitive elements and serves a role in modulating repeat-mediated genomic instability. However, somatic retrotransposition of LINEs has been observed in the brain, suggesting that hydroxymethylation of transposable elements may have some functions in neurogenesis (ref. 73 and the references therein).
The importance of hmC in brain development and aging was highlighted by studies of the hmC dynamics in mouse cerebellum and hippocampus. 38, 73 It was found that the hmC levels increase in different stages of development. A set of genes that acquire the hmC mark during aging has been identified in mouse cerebellum, and among the genes many are implicated in hypoxia, angiogenesis and age-related neurodegenerative disorders. Since the oxidation of 5mC to hmC by the Tet proteins requires oxygen, the above-mentioned relation to hypoxia raises a possibility that changes in hmC levels may be related to mechanisms of oxygen-sensing and regulation.
hmC and human disease.
A link between hmC and neuronal function was highlighted by studying MeCP2-associated disorders. 73 The MeCP2 protein (methylcytosine-binding protein 2) is a transcription factor, whose loss-of-function mutations cause Rett syndrome (an autism disorder characterized by severe deterioration of neuronal function after birth). 73 It was found that MeCP2 protects methylated DNA from Tet1-dependent formation of hmC in vitro. 53, 73 In mouse models of Rett syndrome, a MeCP2 deficiency gave an increased level of hmC, and, conversely, a decrease was observed in MeCP2-overexpressing animals. The MeCP2 dosage variation leads to overlapping, but distinct, neuropsychiatric disorders suggesting that a proper balance in genomic 5mC and hmC is crucial for normal brain function.
The role of Tet proteins and hmC has also been studied in the context of haematopoiesis and cancer. Aberrant DNA methylation is a hallmark of cancer, and cancer cells often display global hypomethylation and promoter hypermethylation. 74 Hence, it is tempting to assume that loss-of-function mutations of the Tet proteins may contribute to cancer development. The Tet1 gene was originally identified through its translocation in acute myeloid leukemia (AML). 75, 76 Later, many studies identified somatic Tet2 mutations in patients with a variety of myeloid malignancies, including myelodysplastic syndromes (MDS), chronic myelomonocytic leukemia (CMML), acute myeloid leukemias and many others (ref. 77 and references therein). Studies of leukemia cases found lower hmC levels in genomic DNA derived from patients carrying Tet2 mutations as 78 Differences in hmC profiles in various myeloid malignancies indicate that Tet2 may control DNA methylation indirectly, perhaps via recruitment of one or more DNA methyltransferases.
Another example of a likely involvement of hmC in cancer is presented by recent analyses of the isocitrate dehydrogenase (IDH) gene. IDH catalyzes the conversion of isocitrate to 2-oxoglutarate (2OG). Interestingly, in AML patients, the mutations in the isocitrate dehydrogenase gene IDH1/2 were identified leading to the accumulation of 2-hydroxyglutarate (2-HG) in cells. 79 This metabolite impairs catalytic activity of many 2-oxoglutarate-dependent enzymes, including Tet proteins, by competing with its co-substrate 2OG. Thus, these results suggest that the deficiencies in both IDH and Tet genes contribute to cancer development via a common disease mechanism that leads to altered 5mC and hmC patterns. Alternatively, it was demonstrated that Tet2 and hmC are required for regulation of normal hematopoiesis. 77, 78, 80 The loss-of-function mutations of Tet2 may reactivate a stem-cell state characterized by general hypomethylation and genomic instability. 81 Indeed, Tet2-null mice display an increase in hematopoietic stem cell numbers 80, 81 as shown by increased expression of stem cell marker genes. Thus, Tet and hmC play a critical role in regulating normal hematopoietic differentiation, which is in contrast to their role in ES cells (the maintenance of the pluripotent state), indicating that hmC is involved in distinct functions in different cell types.
Conclusions

History repeats itself
Since the discovery of 5mC and then 6mA in DNA back in the late forties and early fifties, 82, 83 it had long been known that C and A can exist in two chemical states: methylated or unmethylated. It took nearly forty years to realize that C can be methylated in two distinct ways, following the discovery of 4mC modification (see Fig. 1 ) in microbial DNA in 1983. 84 This unexpected finding provoked vigorous reevaluation of the methylation effects on DNA physical and chemical properties, and interactions with DNA binding proteins and in particular on ecology of restriction-modification systems in microorganisms. However, 4mC was not detectable in samples of mammalian DNA, and the idea of monotypic cytosine modification in vertebrate genomes thrived for another 26 years, despite the reports of hmC presence in the brain in the early seventies. 9 But this ''premature'' finding failed to turn into a discovery, largely due to a commonly accepted perception of 5mC as the sole modified (epigenetic) base in eukaryotes on one hand, and due to the association of hmC with oxidative DNA damage (an in vitro artifact) on the other. One technical factor is that, in DNA composition analysis using a core technique -reversed-phase HPLC, a minor peak of hmC 2 0 -deoxynucleoside elutes closely following, and is substantially obscured by a major peak of dCyd, which requires increased care to adequately interpret UV traces of HPLC chromatograms. It is thus no surprise that hmC has been discovered using a less technically advanced, but well suited in this case, TLC analysis of labeled nucleotides. However, the major player was the readiness to accept a new modification in light of prolonged and controversial search for mechanisms of DNA demethylation, thereby resolving the mounting pressure in the epigenetics community. The discovery of a missing chain was greeted with much enthusiasm and created an immense wave of studies in the new area, in which the multiplicity of epigenetic states carried by cytosine was a key principle. Three years past its discovery, hmC is commonly accepted as the sixth base of DNA. The role of hmC as a product of 5mC oxidation en route to unmodified cytosine is now firmly established, thereby transforming our understanding of the regulatory role of the well-established primary epigenetic mark -DNA methylation. Important insights into regulatory roles of hmC as a secondary epigenetic mark have also been obtained. Numerous emerging chemical fates and interactions of the new base observed in vivo leaves its concrete functional roles to be established in future studies.
